A strain (DA82) having peculiar osmotic properties was isolated in Salmonella typhimurium. The mutant shows increased elasticity of its cell wall and makes spherical instead of elongated cells, regardless of the osmolality of the medium. The strain withstands dilution in distilled water without disruption or death and grows normally in 0.1 molal NaCl broth (240 milliosmol), but it dies exponentially in low-osmolality broth (40 milliosmol). Addition of salts or sucrose instantly stops death and allows growth and cell division to proceed. Death is not due to lysis because this appears at later times and at a much lower rate. Osmotic inactivation is temperature-dependent: higher death rates occur at higher incubation temperatures. Inhibition of protein synthesis by chloramphenicol (20 gg/ml) prevents osmotic death. At 37 C and at lower temperatures, the phenomenon of osmotic death is transient. After a variable interval, growth of the osmotic-sensitive strain resumes. It is assumed that the strain's osmotic behavior is due to membrane defectiveness. The membrane disfunction and the wall defect shown by the strain may be consequences of a single genetic alteration or the results of independent mutations.
A strain (DA82) having peculiar osmotic properties was isolated in Salmonella typhimurium. The mutant shows increased elasticity of its cell wall and makes spherical instead of elongated cells, regardless of the osmolality of the medium. The strain withstands dilution in distilled water without disruption or death and grows normally in 0.1 molal NaCl broth (240 milliosmol), but it dies exponentially in low-osmolality broth (40 milliosmol). Addition of salts or sucrose instantly stops death and allows growth and cell division to proceed. Death is not due to lysis because this appears at later times and at a much lower rate. Osmotic inactivation is temperature-dependent: higher death rates occur at higher incubation temperatures. Inhibition of protein synthesis by chloram- phenicol (20 gg/ml) prevents osmotic death. At 37 C and at lower temperatures, the phenomenon of osmotic death is transient. After a variable interval, growth of the osmotic-sensitive strain resumes. It is assumed that the strain's osmotic behavior is due to membrane defectiveness. The membrane disfunction and the wall defect shown by the strain may be consequences of a single genetic alteration or the results of independent mutations.
The involvement of the membrane in important cell functions such as permeation, electron transport, various macromolecular syntheses, deoxyribonucleic acid (DNA) replication, and cell division is at present widely recognized (27) ; yet, very little is known of the mechanisms underlying membrane action or the consequences that alterations in its structure have on these diverse activities.
The genetic approach to these problems has lately been opened by the isolation and study of several types of mutants. Some of them, such as fatty acid (11, 30) or glycerol (19) mutants, are unable to synthesize a membrane component and are therefore dependent on its exogenous provision for the normal constitution of the membrane. Others are defective in functions ascribed to or connected with the membrane: conditional cell division mutants (12) , colicin-tolerant (21) , or chlorate-resistant (4) mutants. For some of these, reports on structural or functional alterations of the membrane have appeared (5, 13, 28 
RESULTS
Isolation of strain DA82. Strain DA82 appeared during the construction of the double mutant hisW1824 his01242. Each of these two mutations produces constitutive synthesis of the histidine enzymes: his01242, an operator constitutive mutation, is linked to the histidine structural genes (25) , whereas his W1824 is not linked to them (3) . It should be emphasized, however, that the peculiar properties of strain DA82 cannot be imputed to the combination of regulatory mutations carried because many independently isolated strains, carrying the same two mutations, were obtained, and none have shown the unique phenotype described below. Thus, the osmotic phenotype of DA82 should be ascribed to a mutation, or mutations, that spontaneously appeared during the construction of the double mutant.
Cell morphology. In contrast to normal rodshaped Salmonella, the cells of DA82 are round. Under the phase-contrast microscope, DA82 cells display a morphology similar to that described for spheroplasts (17) and very frequently exhibit dark spots, often along the envelope (Fig. 1) .
Histidine-regulatory mutants make long filamentous cells on media containing a high amount (2%) of metabolizable carbon source (M. L. Murray and P. E. Hartman, manuscript submitted for publication). The inhibition of cell division that leads to filament formation in those mutants appears to be caused by overproduction of the histidine enzymes coded by 1274 ANTO)N genes hisF and hisH (M. L. Murray and P. E. Hartman, manuscript submitted for publication). Polar histidine mutations that reduce the level of synthesis of hisF and hisH products normalize cell division and cell shape (M. L. Murray and P. E. Hartman, manuscript submitted for publication). Strain DA82, though derepressed for the histidine enzymes, has not been observed to filament under any conditions. Furthermore, DA82 derivatives carrying polar mutations in the histidine op-I)* 0 p .tX eron retain the spheric cell shape and abnormal osmotic behavior of the original DA82 strain. This observation supports the conclusion that the anomalies shown by DA82 are not related to the derepression of the histidine operon.
With the exception of the anomalous shape, electron micrographs of thin sections show cells that look structurally normal, with no sign of defectiveness noticeable in the cell wall (Fig. 2 (17) . This result, therefore, indicates that even though the cell wall of strain DA82 lacks the rigidity necessary to maintain the normal bacillary shape, it still retains enough strength to withstand the cytoplasmic swelling produced by downshock.
Since cell wall rigidity is the factor which limits swelling in wild-type cells (26) (16) . Swelling produced by water intake modifies the dispersion and changes the refractive index and, consequently, the turbidity of the suspension (reduction in OD). Tests were performed with DA82 and three control strains: LT2, which is the original wild-type S. typhimurium strain; DA78, which is the LT2 derivative that served as immediate parent for DA82 construction; and DA23, which like DA82 has the double regulatory genotype his W1824 his01242 but maintains the normal rod shape. The three control strains behaved almost identically (Fig. 4 ). An increase in the salt concentration, up to a molality of about 0.2, produced a proportionate increase in the OD of the suspension. At this point a plateau was reached corresponding to a 32% increase over the OD in water. Further salt additions brought no turbidity changes until molality grew higher than 0.9, at which point a slow decrease, due probably to plasmolysis, became apparent. The response of DA82 was generally similar to the controls, but the initial slope was much steeper and the maximal optical change was nearly twice the controls (Fig. 4) .
These results are consistent with DA82 having a more relaxed cell wall. This alteration would make the cells capable of increased volume changes in response to external osmotic variations, and it would preclude maintenance of the rod shape typical of wild-type Salmonella.
Osmotic sensitivity. The results described above clearly demonstrated the physical endurance of DA82 under osmotic stress (Fig. 3) ferred to NoS-broth, and after a short lag they begin to die at exponential rate (Fig. 5) . The number of surviving cells after 5 hr of incubation varies from 1 to 20% of the initial number.
The decrease in viability is not caused by lysis of the cells because the fall in colony formers is not accompanied by a parallel reduction in OD (Fig. 5) . The OD reduction after 5 hr is rather small (15%); yet only 10% of the cells survive. Experiments following survival, OD, and number of visible cells confirmed that observation. Furthermore, no induction of the P22 prophage carried by the strain was observed during the inactivation process.
DA82 behavior is not general for S. typhimurium strains or his W-hisO double histidineregulatory mutants. Both the wild-type strain, LT2, and two other double mutants; DA23 (his W1824 his01242) and DA18 (his W1824 his01812), showed normal growth when they were transferred from minimal medium to broth either with or without NaCl.
Arresting of osmotic death. To confirm the osmotic nature of the effects on DA82, either salts or sucrose were added to cells that had been incubated for 150 min in NoS-broth and were therefore suffering exponential inactivation. The addition of salts or sucrose almost instantly restored growth and cell division (Fig. 6 ). The optimal concentration was 0.1 m for NaCl, and the other agents also showed their optimal action at the osmotically equivalent concentrations. However, the efficiencies varied, i.e., the most effective cation was NH4+, followed by Mg2+, and lastly Na+. In two experiments where NaCl was compared with KCI, no difference in efficiency was observed between them. Only two anions were compared: Cl-proved to be slightly more effective than SO42-. Sucrose was less efficient than any of the salts employed.
The cations tested appeared to have some specific effects on DA82 morphology and ultrastructure. As ,N nutrient broth containing 0.1 m NaCl showed no anomalies other than their round shape (Fig. 2) . However, a small proportion of the cells grown in 0.1 m NH4C1 broth had a somewhat normal rod shape (Fig. 7) , and thin sections showed normal structures with few but well defined membrane invaginations in some of the cells. The most striking effect was observed when 0.1 m MgCl2 broth was employed (the osmolality was in this case approximately 100 milliosmol higher than in the first two). The cells kept the spherical shape, but in thin sections an extraordinary proliferation of the membrane was evident (Fig. 8) . All along the cell periphery the membrane showed a sinuous profile with some folds reaching deep into the cytoplasm. In some cells, a large cluster of vesicles, resembling vesicular mesosomes of grampositive bacteria (24) , appeared near the edge.
Factors influencing osmotic death. Survival after 5 hr was variable depending on the initial number of cells: the higher the initial cell density, the higher the survival. Furthermore, the phenomenon was transient: after long incubation, the surviving cells recovered and growth started again. The duration of the lag before the cells recuperated depended also on the initial number of cells. rrinutes   FIG. 6 . Effect of addition of salts or sucrose on osmotic inactivation of strain DA82 in NoS-broth. DA82 cells were grown and washed as described in the text. At 0 time, portions were inoculated in 0.1 m NH4CI-broth and in NoS-broth. After 150 min, 10-ml samples from the NoS-broth culture were withdrawn and added to concentrated NoS-broth solutions of the osmotic agents. Volumes were calculated so as to obtain osmotically equivalent final concentrations for all the agents. Viable counts and OD (650 nm) readings of these cultures were corrected for the change in volume produced by the addition. Cells surviving nutritional downshock were not resistant revertants. When they were regrown in minimal medium until log phase and then transferred back to NoS-broth, they displayed the same sensitivity as the original culture. Therefore, recovery from osmotic sensitivity appears to result from the adaptation of the surviving cells to the poor osmotic conditions.
The osmolality of the medium used to grow the cells prior to the transfer appears to influence their behavior in NoS-broth: higher osmolalities gave higher lethalities after the transfer. More important than the absolute drop in osmolality was, however, the final osmotic level. When DA82 cells were grown in broth having a high osmolality, about 1,000 milliosmol, and then transferred to 200 mil- liosmol broth, there was no death and growth continued without a lag. On the other hand, when cells grown in 800 milliosmol broth were put in NoS-broth (40 milliosmol), so that the decrease in osmolality was almost the same as in the first case, strong growth inhibition and cell death occurred.
Temperature also affected DA82 osmotic performance. Experiments similar to that described in Fig. 5 were carried out at 25, 30, 37, and 43 C. It was observed that the rate of death depended on the temperature of incubation in NoS-broth, the rate increasing with temperature. It was also found that, even though growth rate in S-broth was about the same at 37 and 43 C, the rate of death in NoSbroth was much higher at 43 C.
At no temperature was killing complete. It may be assumed that part of the population was in a state refractory to osmotic death. Moreover, the cells that survived killing at 37 C and lower temperatures were capable of achieving the condition that allowed growth to proceed in NoS-broth. In contrast, 43 C survivors did not appear to be able to undergo the necessary change because no recovery was ever observed at 43 C. However, since spontaneous recovery was found to be faster at lower temperatures, one might assume that recovery at 43 C was too slow to be detected under the conditions employed.
Action of chloramphenicol and nalidixic acid. The appearance of osmotic death requires protein synthesis; chloramphenicol addition at the time of downshock in NoS-broth prevents cell death (Fig. 9) . The increase in NoS-broth osmolality produced by chloramphenicol added (20 ,ug/ml) was negligible; therefore, its action could not be ascribed to simple osmotic protection.
Nalidixic acid, an inhibitor of DNA synthesis, affects DA82 similarly in NoS-broth and in S-broth (Fig. 9) . In both cases, there was a fast descent in the number of viable cells; this action was more intense than that caused by the low osmolality of NoS-broth alone. Since nalidixic acid shows bactericidal activity only on actively metabolizing cells (7), these results indicate that the function necessary for nalidixic acid lethality remains active in cells undergoing osmotic death.
Sensitivity to antibiotics. Because the increased elasticity shown by the DA82 cell wall, as well as its peculiar osmotic behavior, implicates the envelope as a basic abnormal property of the strain, experiments were directed to check the response of DA82 to some antibiotics whose action is exerted on the cell wall or the membrane.
The antibiotics employed were penicillin, which inhibits the cross-linking reaction in the synthesis of cell wall murein (31); D-cycloserine, which interferes with the synthesis of the dipeptide D-alanyl-D-alanine (32) and results therefore in the production of a defective murein; vancomycin and bacitracin, which interfere at different steps in the utilization of the membrane lipid intermediates participating in the transfer of new units to the growing cell wall (2, 29) . The last two antibiotics have almost no effect on whole gramnegative cells but are fully active on their "in vitro" murein synthesizing system. This evidence has lead to the conclusion that gramnegative walls hamper the access of those drugs to the inner sensitive target (31) .
The experiments, conducted as described above, showed that DA82 growth was completely inhibited by five IU of penicillin/ml or 20 ,tg of D-cycloserine/ml. These results indicate that DA82 sensitivity to both drugs is increased because higher concentrations (penicillin, 15 IU/ml; D-cycloserine, 40 ,ug/ml) were required to suppress growth of the wild-type and several control strains.
With respect to vancomycin and bacitracin, DA82 proved to be as resistant as the wild type to the action of 200 ,ug of vancomycin/ml or 150 ,gg of bacitracin/ml. However, these and lower concentrations were found to be inhibitory for another strain, DA88, which is derived from the same parental strain as DA82 (SB564), and also makes round cells. It is therefore concluded that the DA82 cell wall alteration does not make accessible the sites of the envelope where the bacitracin-and vancomycin-sensitive enzymes are located.
Sensitivity to some drugs and lysozyme. The sensitivity of DA82 to some other substances was investigated. No differences with wild-type behavior were found with respect to sensitivity to triphenyltetrazolium chloride (up to 5 mg/ml), acridine orange (up to 100 ,lg/ml), and EDTA (up to 5 x 10-3 M).
Gram-negative organisms are resistant to the action of lysozyme unless they are first sensitized by special treatments that allow lysozyme to traverse the lipopolysaccharide barrier (22 The murein layer is not a conspicuous element of the gram-negative wall as seen in electron micrographs of thin sections, and unless special care in fixation and staining is taken, it is usually not noticeable (20) . It is therefore not surprising that sections of DA82 cells grown in NaCl-broth at 37 C do not show abnormalities other than in cell shape.
The mode of action of penicillin has been demonstrated to occur by the inhibition of the last step in murein biosynthesis: the peptide cross-linking reaction (31) . The sensitivity of DA82 to penicillin would then indicate that the penicillin-sensitive target remains intact in DA82. The same conclusion, but applied to another step of murein making-the synthesis of the dipeptide D-ala-D-ala (32)-could be drawn from the strain's high sensitivity to Dcycloserine. Furthermore, DA82 appears to retain normal lipopolysaccharide since it reacts with antiserum specific for 04-012 somatic antigens. It is also resistant to the action of lysozyme, vancomycin, and bacitracin, which are excluded by the normal gram-negative wall, and its normal sensitivity to acridine orange and several other substances suggests that permeability is not altered either.
Although DA82 appears to have a faulty wall, the observations concerning its behavior after downshock delineate a syndrome clearly different from the one usually ascribed to cell wall defects. DA82 cells are not osmotically fragile; they withstand suspension in distilled water without disruption or death. However, in low-osmolality growth media, they show a peculiar osmotic sensitivity manifested in growth inhibition and exponential death. This osmotic death is only shown when the cells are able to grow and synthesize proteins.
The osmotic nature of DA82 sensitivity is demonstrated by the capacity of several salts and sucrose, in osmotically equivalent concentrations, to stop death and to reinitiate without delay growth and cell division. The fact that osmotic death is not accompanied by lysis until inactivation is well advanced argues against death being attributable to impairment of wall synthesis produced by osmotic conditions unsuitable for the mutant. Lysis appears later and is probably produced by the autolytic systems of the cells working on already dead bacteria.
The bacterial cell possesses mechanisms that allow it to modify its internal osmolality according to the osmotic conditions of the external medium (8) . It has been postulated (8) that the structures engaged in the regulation of intracellular osmolality are located in the cell membrane and are sensitive to alterations of the osmotic equilibrium between cytoplasm and medium. The osmotic behavior of DA82 could be attributed to some kind of membrane disfunction that affects its functioning under conditions of osmotic stress.
It is not known whether the cell wall and the membrane have been affected by the same mutational event or whether two independent mutations have produced the complex phenotype of DA82. Since some steps of murein and lipopolysaccharide biosynthesis are connected with the membrane (2, 14) , a membrane mutation could easily result in cell wall defectiveness. On the other hand, the laxity of the DA82 cell wall could, perhaps, by itself produce the membrane disfunction observed in the strain if the excessive dilatation that it allows upon downshock affects the maintenance of membrane integrity when growth can proceed. The loss of viability that occurs when DA82 is shifted to NoS-broth cannot be explained. The consequences of nutritional downshock on macromolecular synthesis, permeation, and energy flow in strain DA82 are presently being investigated. Phenomena somewhat similar to the osmotic death described in this paper have been reported for fatty acid auxotrophs and phospholipid mutants of Escherichia coli (9) (10) (11) . The inactivation in these mutants was attributed to membrane-defective synthesis (11) or to conformational changes that render the membrane inactive or defective (9) . Similar explanations could be valid in the case of DA82, but the possible action of a membranedegradative system, induced during the temporary disability of the membrane and active only under some conditions, should also be considered. 
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